Abstract. We present XMM-Newton observations of the O supergiant ζ Orionis (O9.7 Ib). The spectra are rich in emission lines over a wide range of ionization stages. The rgs spectra show for the first time lines of low ion stages such as C vi, N vi, N vii, and O vii. The line profiles are symmetric and rather broad (FWHM ≈ 1500 km s −1 ) and show only a slight blue shift. With the XMM-epic spectrometer several high ions are detected in this star for the first time including Ar xvii and S xv. Simultaneous multi-temperature fits and DEM-modeling were applied to the rgs and epic spectra to obtain emission measures, elemental abundances and plasma temperatures. The calculations show temperatures in the range ≈0.07 -0.6 keV. According to the derived models the intrinsic source X-ray luminosity at a distance of 251 pc is Lx = 1.37(.03) × 10 32 erg s −1 in the energy range 0.3 -10 keV. In the best multi-temperature model fit, the abundances of C, N, O, and Fe are near their solar values, while the abundances of Ne, Mg, and Si appear somewhat enhanced. The sensitivity of the He-like forbidden and intercombination lines to ζ Ori's strong radiation field is used to derive the radial distances at which lines are formed. Values of 34 R * for N vi, 12.5 R * for O vii, 4.8 R * for Ne ix, and 3.9 R * for Mg xi are obtained.
Introduction
The object ζ Orionis is a supergiant of spectral type O9.7 Ib. Its X-ray spectrum has previously been observed with various satellites such as Einstein (Cassinelli & Swank 1983) , ROSAT (Berghöfer et al. 1997) , and ASCA (Kitamoto et al. 2000) . The Einstein observations were particularly interesting: the Solid-State Spectrometer observations of ζ Ori were the first to show hot star Xray emission lines, those of Si xiii and S xv (Cassinelli & Swank 1983) .
From ROSAT observations Berghöfer et al. (1996) found that the X-ray emitting plasma could be characterized with an overall kT of 0.22 keV and that the X-ray to Bolometric luminosty ratio of log L x /L bol = -6.74 is typical for O stars and early B supergiants. Based on ChandraSend offprint requests to: A.J.J. Raassen e-mail: a.j.j.raassen@sron.nl hetg data concluded that most of the emission is at energies below 1 keV.
It is generally believed that most of these X-rays received from O stars originate in shocks distributed throughout the wind, and that these shocks are created by instabilities in the line-driving mechanism which drives the overall outflow (e.g., Lucy & Solomon 1970 , Lucy 1982 , Owocki et al. 1988 , Dessart & Owocki 2005 . To explore the relation between the X-ray emission from ζ Ori and the properties of the shocks in its wind line profiles from high-resolution Chandra observations were used by Cohen et al. (2006) , , and Oskinova et al. (2006) . also analyzed the ratios of the forbidden(f ), the intercombination(i) and the resonance(r) emission lines in the He-like ions of Si xiii, Mg xi, Ne ix, and O vii. The lines were found to be produced at a wide range of radii. The specific radius for each He-like ion was found to correspond to X-ray optical depth unity to the continuum opacity at each line wavelength. Their most surprising result was that the high ion stages, such as Si xiii, appear to form very close to the star. At these close distances the shock velocity jump was found to be larger than could be explained by the speed that the wind should have at these small radii. Recently Pollock (2007a) developed a new paradigm for O-star X-ray emission, which states that charge exchange, ionization, and excitation are likely to be produced by protons far out in the wind. However, this approach is not yet capable of describing the spectrum and line fluxes in a quantitative way, and so it will not be discussed further in this paper.
Variability has been found in both ζ Ori's Hα profile (Ebbets 1982; Kaper et al. 1997 ) and its UV P-Cygni profiles (Snow 1977; Kaper et al. 1996; Kaper et al. 1999) . However, the X-ray light curve has provided no evidence for variability over a long time range (Berghöfer & Schmitt 1994) .
In many of the recent papers the authors have focussed on line profiles and individual line features. This is especially true for spectra obtained by means of the high resolution instruments aboard Chandra (hetg and meg). In contrast rgs aboard XMM-Newton provides us with new information regarding the longer wavelength part of the spectrum where ion stages such as C vi, N vi, and N vii can be observed. In addition, the higher collecting area of XMM-Newton allows us to obtain a better estimate of the distribution of emission measure versus temperature. In the present paper the spectra and line-fluxes of ζ Ori, observed with XMM-epic and -rgs, are described for the first time by means of a multi-temperature fit and DEM-modeling to the total spectrum. The approach we choose to take is to use emissivity results from optically thin Coronal Ionization Equilibrium (CIE) plasma calculations.
Apart from this broad description of the total spectrum, individual line fluxes and line ratios are analyzed in this paper. Ratios of the f ir lines of He-like ions are used to determine the typical distances between the X-ray emission regions and the stellar photosphere. The wavelength sensitivity of XMM-Newton allows us to check the results of for Mg xi, Ne ix, and O vii (with somewhat more precise radial ranges), while extending the analysis to include the N vi lines. The results for the lines of N vi are particularly interesting because this is the first time that this line ratio has been interpreted in this manner for this star.
ζ Ori was observed on 2002 September 9 by means of XMM-Newton. A log of these observations is shown in Table 1 . The spectral analysis by means of multitemperature fitting and DEM-modeling are described in Sect. 2. The analysis of the line profiles and the individual line fluxes, including several that have not been studied earlier, is given in Sect. 3. The results are discussed in Sect. 4. Parameters of ζ Ori are given in Table A .1 in the appendix.
Spectral analysis

Multi-temperature fitting
We have determined the thermal structure and the elemental composition of ζ Ori's X-ray emitting plasma by simultaneously fitting multi-temperature models to the rgs, epic-mos1, and pn spectra. The fit was performed using our spectral analysis program spex (Kaastra et al. 1996a) in combination with the mekal (MeweKaastra-Liedahl) code, as developed by Mewe et al. (1985 Mewe et al. ( , 1995 )(see Fig. 1 ). mekal calculates a continuum and models more than 5400 spectral lines. It is available on the www
1 . The applied model is a Collisional Ionization Equilibrium (CIE) model for optically thin plasma. The ionization equilibrium is based on calculations by Arnaud & Rothenflug (1985) and Arnaud & Raymond (1992) .
Temperature and Emission measure
In the multi-temperature calculations we used initially five temperatures. Out of the five fitted temperature components three turn out to be significant. These three temperature components were coupled to one N H absorption column density and one set of abundances, which were free to vary. The column density, temperatures, emission measures EM = n e n H dV , X-ray luminosities, elemental abundances, and micro-turbulent velocity (v mic ) are given in Table 2 , together with the statistical 1 σ uncertainties. Three temperatures at T =0.073 keV, T =0.201 keV and T =0.551 keV were determined. Interpreting the results in terms of a wind with embedded shocks and using kT = 1.2 [v(1000 km s −1 )] 2 keV, we find that the kT range from 0.073 keV to 0.551 keV corresponds to shock jumps from 246 km s −1 to 676 km s −1 . These are well below the terminal wind speed of 1885 km s −1 (= 2.3 keV), so they seem physically reasonable.
Out of the three EM values the most uncertain is the one corresponding to the lowest temperature component (T =0.07 keV). This component is determined by the C vi and N vi features. The most robust of the three components is the one at 0.20 keV because it involves the largest number of emission lines in the spectrum. The EM values for ζ Ori decrease with T and approximately follow the relation EM ∝ T −0.8 . The total EM over the three temperature bins is 1.35× 10 55 cm −3 . It is interesting to compare these values to the "wind emission measure" EM w given by Cassinelli et al. (1981) . Based on their formula we obtain for ζ Ori EM w = 2.44 × 10 58 cm −3 . This shows that only a small fraction of the wind is contributing to the X-ray spectrum.
The emission lines observed in ζ Ori's X-ray spectrum clearly exhibit Doppler broadening of roughly 1000 ± 100 km s −1 . Therefore, the lines generated in the model spectrum need to be broadened in excess of instrumental effects to allow a reasonable comparison with the data. For this purpose, we used the micro-turbulent velocity parameter (v mic ) available in SPEX. In using this parameter, we do not mean to imply that the emission line broadening is microturbulent in nature, rather, it is just a convenient way to parameterize the line broadening due to the outflow of the X-ray emitting regions. The v mic parameter is related to the FWHM measure of the line broadening through the relation F W HM/E obs = 2 √ ln 2v mic /c. Here E obs is the energy of the emission line, i.e. 12.39842/λ obs . A characteristic value used in the fitting was F W HM/E obs = 5.5 ± 0.5 × 10 −3 . To achieve the best fit possible, the overall Doppler shift parameter z red was used. The best fits were achieved using an overall blueshift of roughly 100 km s −1 . To interpret this number, it is interesting to note that some small blueshift of the spectral line centroids is to be expected due to the attenuation of the X-rays emitted from shocks moving away from the observer on the far side of the wind. Nonetheless, the fact that this shift is roughly of the order of systematic uncertainties in the wavelength calibration (Pollock 2007b ) means this result should be viewed with some caution. The interpretation of individual emission line shapes is considered in more detail in Sect. 3.
Abundances
The elemental abundances are relative to solar photospheric values from optical studies (Anders & Grevesse, 1989 ) except for Fe, for which we use log A Fe = 7.50 2 (see Sauval 1998 and instead of 7.67 (Anders & Grevesse 1989) .
The abundances have been determined through a fit to the total spectrum, allowing them to freely vary along with the emission measures and temperatures. When interpreting these abundance measurements, two issues should be kept in consideration: First, the abundances are strongly anti-correlated with the emission measures (especially in cases involving a weak continuum), with the result that the products of emission measure and abundance (EM × A i ) are quite robust. Second, the ratios between the abundances (A i /A O or A i /A Fe ) of the various elements are more robust than the absolute abundances themselves. Therefore, the ratios between the abundances are often presented in papers. Here we give both values, the abso-lute abundances and the ratio of the elemental abundance over the oxygen abundance averaged for a number of fits.
The carbon abundance is strongly related to the lowest temperature and the corresponding emission measure. Almost 50% of the line flux of this ion is produced by the lowest temperature component. The obtained abundances are all close to solar photospheric values except for Ne, Mg, and Si. This behaviour is different from coronal plasmas, for which in the quiescent state a First Ionization Potential (FIP) effect is noticed. This effect implies that elements with low first ionization potential (Mg, Si, Fe) are overabundant in the corona compared to the photosphere. For active, flaring coronal plasma an inverse FIP effect is often found.
X-ray luminosity
The luminosity is a robust quantity. The X-ray luminosities, given in Table 2 , are the model luminosity in the band 0.3 -10 keV (the energy range of XMM-Newton) and in the energy band 0.03 -0.9 keV, the energy range of the determined emission measure (see Fig. 2 ). Both values correspond to the location of the emitting plasma, i.e., they are corrected for absorption by the interstellar medium (ISM) and by the stellar wind. Our instrumental (0.3 -10 keV) value of L x = 1.37 × 10 32 erg s −1 results in a value for logL x /L bol = -6.66(.09) which is similar to the values obtained using Einstein (Chlebowski et al. 1989) and ROSAT (Berghöfer et al. 1996) .
In order to attribute the X-ray emission from this star to shocks embedded in its wind, some of the mechanical energy of the wind outflow must be converted into heat energy. It is therefore interesting to compare the measured X-ray luminosity to the mechanical luminosity of the wind, a quantity which can easily be calculated from a formula given in Howk et al. (2000) . The resulting value of L w = 1.6×10
36 erg s −1 should be compared with the X-ray luminosity of the total emission of L x = 1.4 × 10 33 erg s −1 . This indicates that only about a one thousandth of the mechanical energy available in the wind is radiated away as X-rays, a small fraction.
DEM modeling
Apart from a multi-T fitting, the combined epic-mos, epic-pn, and rgs spectrum was also fitted by means of a differential emission measure (DEM) modeling (e.g., Kaastra et al. 1996b ) using the regularization module in spex. This module constructs an emission measure distribution with the constraint that the first and second derivatives are smooth and continuous. We define the DEM by n e n H dV /dlogT (integrated over one logarithmic temperature bin, the emission measure = n e n H V ).
The result for the emission measure distribution EM is shown in Fig. 2 . The temperature covers the range from 0.03 keV to 0.9 keV, i.e., from 0.3 to 10 MK, with three temperature peaks around 0.06 keV, 0.2 keV, and 0.6 keV. These values are consistent with the results of the 3-T fittings. Just as in the case of the 3-T fitting the DEMmodeling is most robust for the range around 0.2 keV, while the error bars are larger for the low temperature regime.
Emission line fluxes
As mentioned in the introduction, the shapes of the Xray emission lines detected by high resolution X-ray spectrometers have been very important in determining the nature of the X-ray emission from these stars. Therefore, apart from the description of the total X-ray spectrum of ζ Ori by means of a CIE model, the fluxes, wavelengths, and broadenings of the individual emission lines were measured. This was done by folding a Gaussian through the response matrix. In cases where line blending would interfere with a measurement, we adopted the following procedure to isolate the contribution of the line being measured: The parameters derived in the multi-T fit (Sect. 2.1.1.) were used to generate a model spectrum which included the contributions of all relevant ions except the ionization state of the line being measured. A single Gaussian (whose parameters were free to vary in the fit) was then added on top of the computed model spectrum to measure the individual contribution of the line being measured.
In Table 3 the wavelengths, the measured fluxes at Earth (not corrected for interstellar absorption), and the widths of a number of prominent lines are collected. Within brackets the 1σ errors are given. The rest wavelengths (λ 0 ) are taken from Kelly (1987) and Dere et al. (2001), 
Analysis of emission line profiles
The lines in the rgs spectrum of ζ Ori are symmetric, broadened and slightly blue-shifted. After correcting for instrumental broadening, FWHM is ≈ 1500 km s −1 (cf. , Miller 2002 . The line broadenings of the individual line measurements are consistent with the relative broadening F W HM/E obs of 5.5 (in units 0.001), determined by means of the v mic value of the multi-temperature fit in Sect. 2.1.1. For the same lines as mentioned above the values of F W HM/E obs are 5.2(0.8), 5.0(1.2), 5.4(0.5), 4.8(0.8), and 4.7(1.9), respectively. This broadening is consistent with a picture of outwardly moving shocks.
Most wavelengths of the lines in Table 3 show a negative deviation, corresponding to ≈ -90 (60) . There is some tendency that the features of the lower ionized (cooler) ions are more blue-shifted. However, due to the large errors, the evidence for blue-shifted line profiles is not very strong.
The possible effects of resonance line scattering opacity on the shapes of hot star X-ray emission lines have been discussed in Leutenegger et al. (2007) and Ignace & Gayley (2002) . We use the measured line fluxes of Fe xvii to estimate the optical thickness of the shock sources of ζ Ori. In an optically thin plasma, the line flux ratio of the Fe xvii lines at 15.013Å and 15.260Å would be expected to be 3.5(1.0) from the MEKAL atomic data, while the measured ratio for our ζ Ori data is 2.5(0.5). Thus we can conclude that there is no severe resonance line scattering in the Fe xvii line at 15.013Å and that the individual line source regions are optically thin, even though the entire wind is thick to X-rays at these wavelengths.
The measured line fluxes of the He-like lines of N vi, O vii, Ne ix, and Mg xi are used in the next section.
It is likely the weak features in the epic-mos spectrum near 3.9Å and 5.0Å are due to Ar xvii and S xv, respectively. The optimal formation temperatures of these ions (22 MK or 1.9 keV, and 16 MK or 1.4 keV, respectively) are much higher than any of the temperatures found in our three-temperature and DEM temperature modeling in Sect. 2. The presence of emission lines from these ions indicates that they are formed in a high energy tail in the emission measure distribution of this star and in the wings of the line profiles. Gabriel & Jordan (1969) were the first to demonstrate that forbidden (f ), intercombination (i) and resonance (r) lines of the He-like "complexes" provide useful diagnostics for X-ray emitting plasmas. The most recent studies including the effects of dielectronic satellite lines and a radiation In both panels, the forbidden line nearly disappears due to radiative depopulation of the upper level in the strong radiation field relatively close to the surface of the star.
He-like line diagnostics
field have been done by Porquet et al. (2001) . The ratio f /i is dependent on electron density because of the depopulation of the upper level of the f line in favour of the upper level of the i line at increasing density. This effect can be used to derive electron densities in circumstances where radiation fields are relatively weak, such as in cool stars. However, in OB stars, where the radiation fields are much stronger, the depopulation of the upper level of the f line in favour of the upper level of the i line occurs by radiative absorption (e.g., Blumenthal et al. 1972 , Porquet et al. 2001 . The f /i ratio no longer indicates the density, but instead provides information on the mean intensity of the radiation field, hence the radial distance R of the X-ray source from the star. This is illustrated in Fig. 3 for the Ne ix and O vii triplets. It is seen that the forbidden line is nearly suppressed for both ions. The fact that the UV radiation field is the dominant effect for ζ Ori is confirmed by detailed calculations. Using the formalism developed by Blumenthal et al. (1972) , we calculate the radial dependence of R in the envelope of ζ Ori on the basis of a Planck curve (Ness et al. 2001 ) of 31500 K as well as on the basis of a photospheric model of Vacca et al. (1996) with T eff =32000 K and log g=3.23 and applying a UV flux model OSTAR2002 of Lanz & Hubeny (2003) with T eff =32500 K, log g=3.25, and solar metallicity. These parameters closely correspond to those given in the appendix. The radial-dependent wind density is derived from the stellar and wind parameters of Lamers & Leitherer (1993) using a standard velocity law that is modified below 1.02R * (where R * is the stellar radius) to provide a smooth density transition to the photospheric structure. The mean intensity of the UV radiation is large near the surface of the star and it decreases outwards by dilution factor W (r) = . As a result of the radial dependence of the radiation field, the observed f /i ratio can be used to derive the radial location of the He-like ions that are producing the observed f ir lines. For the four He-like ions which allow reliable measurements of their f /i line ratio (N vi, O vii, Ne ix, and Mg xi) these parameters indicate that ζ Ori's radiation field will suppress the forbidden lines by radiative de-excitation of the upper level of f to much greater radii than would be possible with collisions (see, e.g., . Thus the expected f /i ratios as functions of radii for these ions are entirely controlled by the strength of ζ Ori's UV radiation field.
The predicted R dependencies of f /i are shown in Fig. 4 . The f /i ratios derived from the rgs spectra for N vi, O vii, Ne ix, and Mg xi are: 0.22±0.12, 0.114±0.027, 0.26±0.16, and 1.08±0.61, respectively (cf .  Table 3 ), agreeing with values for Ne ix and Mg xi given by Oskinova et al. (2006) . These ratios correspond to average distances from the stellar surface R of the ion formation of 34±10R * , 12.5±1.5R * , 4.8±1.8R * , and 3.9±1.7R * , respectively. For the last three ions this is in agreement with values established by , based on HETGS observations. They determined values for formation radii of ∼ <12R * for O vii, of ∼ <6R * for Ne ix, and 3-5R * for Mg xi.
The formation distances of He-like ions increase with decreasing ionization stage, but they increase also with increasing wavelength (λ) of the line triplets. The formation distance is proportional to some power of the wavelength of the intercombination line (λ p , with p ≈ 2.5−4.5). pointed out that the derived radii (R f ir ), at which the He-like lines are observed, are strongly correlated with the radii R λ at which the continuum adjacent to the line has an optical depth unity. Since the opacity varies roughly as λ 3 this correlation would mean that we are observing the He-like lines from the deepest possible part of the wind from which X-rays could escape to the observer. Leutenegger et al. (2006) give estimates for minimum radii of formation of the hot plasma for O-stars. Their values for minimum radii are about 1.5R * , based on the ions of higher stages of ionization (S xv, Si xiii, and Mg xi). The reader should keep in mind that our measurements of the radii of line formation are not directly comparable to theirs. Our values are average values with a lower and The thickened portion of each line gives the radial range of the X-ray emission implied by the measured f /i line ratios.
higher limit due to the uncertainty in the measured line fluxes and do not imply a minimum or maximum distance of ion formation.
Finally, we used the resonance line, the forbidden line, and the intercombination line of the He-like lines as a temperature diagnostic for the individual regions responsible for the fir emission of each ion. As a single-temperature measurement method for specific regions in the wind, this method gives independent, complementary information to the global temperature fitting carried out in Sect. 2. Using the results of Porquet et al. (2001) we extract from the measured (i + f )/r ratios (cf. Table 3) for N vi , O vii , and Ne ix electron temperatures of about 0.05, 0.16, and 0.24 keV, respectively. These three temperatures are in the range of the lower two of the three temperatures found with multi-temperature fitting in Sect. 2.1.1.
Discussion of results and conclusion
The O supergiant ζ Orionis (O9.7 Ib) has a line rich X-ray spectrum. The spectral lines are symmetric and broadened. The FWHM corresponds to 1500 km s −1 ; less than the terminal speed of 1885 km s −1 derived by Lamers et al. (1999) . The velocity widths are consistent with a picture of outwardly propagating shocks that are distributed throughout the wind and that are produced by the instabilities associated with a line-driven wind. The best fits require a small blue-shift. It should be noted, however, that this blue-shift is of the order of the calibration uncertainties of the instrument.
The continuum and line features are very well described by a 3-T collisional ionization equilibrium model (CIE) for optically thin plasma, using SPEX in combination with MEKAL. The determined temperatures range from 0.07 to 0.55 keV (0.85 -6.4 MK), corresponding to shock jumps from 246 km s −1 to 676 km s −1 . The total X-ray luminosity of the star corresponds to an emission measure that is far below the emission measure of the entire wind (Cassinelli et al. 1981 , Cassinelli & Swank 1983 , indicating that only a small fraction of the wind is participating in the X-ray emission.
We used the values of the forbidden to intercombination line ratio of He-like ions to derive characteristic radii of line formation. For Mg xi, Ne ix, O vii, and N vi, this resulted in values of 4, 5, 12.5, and 34 stellar radii, respectively.
The hotter and higher ionized ions are on average formed deeper in the wind, closer to the stellar surface. This is in agreement with values established by , based on HETGS observations. Applying the standard beta velocity law v(r) = v ∞ 1 − R * r β , with β = 0.7(.1) (Groenewegen & Lamers 1989 ) we obtain at a distance of 4R * (where the hotter plasma of Mg xi is located) v(r) = 0.82 × v ∞ = 1540 km s −1 . This velocity is far higher than the velocity jump necessary to produce the high temperatures. Waldron and Cassinelli (2001) found that line diagnostics for Si xiii indicate that this line emission forms very close to the stellar surface, where the velocity is too small to produce the shock jump required for the observed ionization level. The analysis of 17 O stars by Waldron & Cassinelli (2007) has led to a strengthening of this conclusion. However, due to the lower resolution of the rgs relative to that of the hetgs on Chandra and the weakness of the relevant lines in our spectrum, we cannot investigate the formation radius of Si xiii . These limitations therefore preclude us from confirming or denying the presence of this effect in the X-ray emission of ζ Ori.
We conclude that our results are consistent with a model of shock fragments that are embedded in the wind and are expanding outward with the wind. The Fe xvii line ratios indicate that the individual source regions associated with the shock fragments are optically thin. The lack of variability of the X-rays over the years implies a large number of sources embedded in the wind. Ions are found to be formed and emitting both from far out and deep in the wind. The symmetry of the line profiles and the slight blue-shift are consistent with the "porosity model" (Feldmeier et al. 2003 , Oskinova et al. 2006 and Fig. 4 therein) , though we find a wider range in line formation radii than the ≈ 1.5 R * used in their scenario. 
BS96
Notes: a: The distance to ζ Ori is subject to debate. The three bright Belt stars in Orion, δ Ori (O9.5 II+B0.5 III), ǫ Ori (B0 Ia), and ζ Ori, form the high-luminosity end of the Ori OB1b subgroup, which has an estimated age between 7 Myr (Blaauw 1991) and 1.7 Myr (Brown et al. 1994) . The distance to Ori OB1b had been estimated to be 360 ± 70 pc based on photometry (Brown et al. 1994) , or 473 ± 33 pc based on Hipparcos parallax and proper motion measurements (de Zeeuw et al. 1999) . We adopt here the direct Hipparcos parallax measurement of ζ Ori, corresponding to the distance as given above. b: Paramater scaled to d = 0.25 kpc. c: Berghöfer & Schmitt (1994) report that ζ Ori showed no evidence for variability over a three year time span, except for a two day period in September 23-25, 1992, when an increase of ∼ 15% in the X-ray count rate was measured. BG78: Bohannan & Garmany 1978; BL82: Bisiacchi et al. 1982; BS96: Berghöfer et al. 1996; CH89: Chlebowski et al. 1989; ESA97: ESA 1997; FP97: Feldmeier et al. 1997; HD74: Hanbury-Brown et al. 1974; HW00: Hummel et al. 2000; KH96: Kaper et al. 1996; MG98: Mason et al. 1998; Pe96: Penny 1996; VB89: Voels et al. 1989; WF90: Walborn & Fitzpatrick 1990. 
References:
